Genetic variability of 21 Italian populations of beech (Fagus sylvatica L.) was studied using starch gel electrophoresis and nine polymorphic enzyme gene loci. Expected mean heterozygosity varied from 13.6 per cent to 20.3 per cent. Observed heterozygosity was less than expected in all but two populations. No association between allele frequencies and soil type or altitude was found. As in other forest tree species, the among-populations component of variability was low (average FST = 0.046). Despite low genetic differentiation, principal components analysis of allelic frequencies revealed a geographical pattern. The first principal component, significantly correlated with latitude and longitude, showed a clear separation of southern and northern populations. The statistical significance of the geographical pattern was tested by a resampling technique (bootstrap). The origin of Italian beech populations from eastern and southern refugia during the last glaciation is discussed. First principal component values and the higher allele variability found in southern populations seem to concord with the palynological evidence for a southern origin of beech in the peninsular part of Italy.
Introduction
In Italy, European beech (Fagus sylvatica L.) is a dominant forest species between 800 and 1500 m a.s.l.
in parts of the Alps and between 1000 m and the timberline in the Apennines.
Relatively few studies exist on the population genetics of beech, and the knowledge of Italian populations is particularly poor. Comps et a!. (1990) include 21 samples from Italy in their extensive analysis of the variability of six allozymes in central European beech populations, but they do not report the geographical distribution of variability within Italy.
To our knowledge the first population study on the genetic variability of peroxidases and glutamateoxaloacetate-transaminases in a group of French populations was published in 1982 (Thiébaut et a!., 1982) . The relationship between peroxidase allozymes and temperature and moisture found by this study was confirmed in an investigation of a larger number of populations (Felber & Thiébaut, 1984) .
Studying damaged and apparently healthy beech trees in Germany, a larger heterozygosity was found in stress-tolerant plants, although the genotypic response varied at different gene loci (Müller-Starck, 1985 , 1989 ).
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Gregonus et a!. (1986) studied within-population differentiation in space and time in four demes over 2 years for five enzyme loci. Genetic diversity showed no variation pattern in space or time although differences among the considered partitions were found for single loci. A heterogeneity of the paternal contribution to the within-population variability (with an intra-and an interdemic component) was found by Merzeau et a!. (1989) using data from four enzyme loci (GOT, SOD, MDH1, IDH). Comps et at. (1990) reported data for 140 beech stands from central and Mediterranean Europe. Based on a relatively low number of enzyme systems (PER-i, PER-2, GOT-i, IDH-1, MDH-1, GPI-1) the investigation found most of the variability (90-95 per cent) in the 'within-population' component, a fact already known for other long-living wind-pollinated forest tree species (Hamrick et a!., 1979; Loveless & Hamrick, 1984; Hamrick & Godt, 1990) . The study, besides confirming the association already found at a smaller geographical scale between peroxidase allele frequencies and climate, revealed a higher inter-and intrapopulation diversity for the southern locations. An association between climate and allele frequencies of PER-i, PER-2 and GOT was also found in a subset of populations from Croatia (Comps et at., 1991) . Gömöry et a!. (1992) stress the need for caution in interpreting cinal variations as a consequence of selec-tion, and see the genetic variability found in their data from French beech stands as a consequence of postglacial recolonization events.
Geographical patterns of genetic variation have often been seen as a result of past mass migratory events in forest tree populations. Postglacial reinvasion routes have been related to observed genetic variation in Picea abies populations from central and northern Europe (Lagercrantz & Ryman, 1990) . The genetic structure of lodgepole pine (Pinus contorta ssp. latifolia) found in North America has been attributed mainly to drift during the colonization following the retreat of glaciers (Cwynar & MacDonald, 1987) . Comps et a!. (1990) suggested a relationship between the lower variability of northern populations and the short time available for their differentiation in areas covered by ice during the last glaciation. The authors stressed the isolation of Italian beech forests, separated from other populations by the sea in the peninsular part and by the Alps in the north. The Eastern Alps, however, were probably a weaker barrier at the end of the last glaciation: with lower sea water levels, the Dinaric Alps populations were not as separated as they seem now (Comps eta!., 1990) .
Palynological data from Italy, although scarce and not thoroughly analysed (Huntley & Birks, 1983) , seem in agreement with the hypothesis that beech populations might have recolomzed Italy after the last glaciation from two possible refugia, one in the south (Calabria and Sicily) and one in the east (Croatia).
Here we report an analysis of beech genetic variability in Italy and discuss the possible origin of modern Italian beech populations from southern and eastern ref ugia.
Materials and methods
Sampling and electrophoretic analysis Dormant buds were collected from 21 localities to cover most of the geographical range of beech in Italy (Table 1, Fig. 3 ). All 21 localities are well within the species's biogeographical range in Italy. Sampled individuals, randomly selected at least 2 m apart, were drawn from large populations. In 13 localities (TAN, CAN, GIU, CER, ENT, PNA, PIS, ABE, VUL, POL, SER, REC, SIC), where distances between trees were actually measured, an average distance of 8.6 5.4 m (SD) was found. In four localities (PRA, PNA, PIS, ABE) individuals were collected from transects at different altitudes indicated by multiple values in Table 1 . MüIler-Starck, 1985) , using a hand grinder. Buffer and staining solutions were described by Müller-Starck (1985) and Shaw & Prasad (1970 Population genetics parameters were estimated using the BIOSYS-1 computer program (Swofford & Selander, 1981) . Deviations from Hardy-Weinberg equilibrium were tested by x2 pooling genotypes whenever expected frequencies were less than five. Four multilocus measures of genetic diversity were calculated: average number of alleles per locus, percentage of polymorphic loci, mean observed and expected heterozygosities. Wright's F-statistics as extended by Nei (1977) were used to estimate genetic differentiation among populations. In four stations for which altitudinal subdivisions existed, F-statistics were calculated on four hierarchical levels: individual tree, transects within population, population and total of the four populations. Nei's unbiased genetic distances were computed (Nei, 1987) . The SAS statistical package was used for statistical computations (SAS Institute, 1985) .
Principal components were computed using transformed (arcsin, square root) allele frequencies.
Resampling with replacement of the transformed gene frequencies ('bootstrap' technique (Efron, 1982)) was used to validate the observed geographical patterns with respect to the sampling of genes while conserving the geographical relationship among populations. Each resampling produces a new data matrix by randomly choosing the alleles from the original matrix: some will not be present, some will be present once, some two or more times. the statistical probability of zero belonging to the distribution was calculated. The geographical location of the observed significant values supplies information on the robustness of the observed geographical pattern (Piazza etal., 1995) .
Principal component coefficients have arbitrary signs (Tatsuoka, 1971, p. 122) . In some bootstrap cycles, as expected, a clearly reversed geographical pattern was found in comparison with the computation carried out on the observed data. To avoid a conesponding bias in the estimate of the standard deviation, signs of scores were changed in the cycles with negative correlation between bootstrap scores and scores from the original data.
Regression of latitude with the first principal component scores was computed after each sampling and the distribution of the slope estimates was prepared.
Results

Electrophoretic analysis and genetic variation within populations
Frequencies of alleles are reported in Table 2 . Of the 10 enzyme systems we used in the population survey only ME-A was always monomorphic and was omitted from further computations. A good fit to Hardy-Weinberg expectations is considered a confirmation of the allelic nature of the observed electromorphs. With the exception of GOT-A, which showed significant deviations from Hardy-Weinberg expectations for most populations, significant differences between observed and expected genotype frequencies were found in few populations: in five for PER-B (in populations: CER, ABE, PRA, AMI, SER) and SKDH-A (PRA, ABE, BAG, REC, PIS), in three for IDH-A (ABE, SUL, REC), in two for DJA-A (TAN, VUL), in one for 6PGD-A (PNA), GPI-B (BAG), MDH-B (ABE) and MDH-A (SIC). GOT-A allele frequencies are probably affected by the difficulty in distinguishing heterozygotes from homozygotes for allele 102. Allele 102 has relatively low frequencies, and the existence of a third allele unmistakably scorable only in the Sicilian populations advised against the exclusion of this locus from the analysis.
Not considering GOT-A, a total of 19 out of 168 (11.3 per cent) significant deviations from Hardy-Weinberg equilibrium was found, a number not No significant correlations with latitude and longitude were found for observed (r= -0.17; P=0.46) (r = 0.19; P = 0.41) and expected heterozygosity (r= -0.05; P0.84) (r= -0.07; P='0.77), nor with percentage of polymorphic loci (r = -0.32; P = 0.16) (r"0.38; P0.08).
Genetic differentiation
Genetic differentiation among populations is small although in accordance with values reported for forest tree populations. Only about 5 per cent of the total genetic diversity results from differences among populations (FST = 0.046, Table 3 ). Nei's genetic distances among all possible pairwise population combinations are always less than 0.034.
Significant allele frequency heterogeneities were
found among populations at all polymorphic loci (all x2 probabilities are less than 0.009), although differences are modest in absolute terms with no alternate fixations and all populations sharing the most frequent allele at all loci (Table 2) .
Four localities allowed an estimate to be made of variability among transects taken at different altitudes. Geographical patterns of variation were revealed by the use of synthetic variables generated by multivariate statistics. Different statistics gave essentially the same picture. We report the scatter of the first two principal components scores that account for 22 per cent and 16 per cent of the total variation of allele frequencies, respectively (Fig. 2) . Northern and southern populations are clearly separated. Only Sulmona (SUL), the northernmost among the southern group with a small sample size, is misclassified.
Regressions of the first principal component scores The geographical pattern was tested by resampling with replacement ('bootstrap' procedure (Efron, 1982) ). Three out of 21 populations (14 per cent) were found to be significantly different from zero. More important, their position in the range of beech is what is expected for a north-south dine: one population is located at the extreme north-eastern end of Italy and the other two at the southern end of the Italian Peninsula, in Calabria and Sicily (Fig. 3) .
Regression coefficients of latitude with the first component were significant at the 5 per cent level for 144 of 200 cycles computed on bootstrap samples. No negative significant coefficient was found.
Discussion
Genetic variability of beech in Italy seems structured in a fashion comparable with what is known for forest tree populations. For example, using only one of the variability parameters that have been computed, we found that average expected heterozygosity estimates range from 13.6 per cent to 20.3 per cent with a mean of 16.8, a value not too far from average heterozygosities reported for other members of the same family:
18.7 per cent for Quercus macrocarpa and 20.4 per cent for Quercus gabbelii (Schnabel & Hamrick, 1990) , 24 per cent for Castanea sativa (Villani et a!., 1991) and approximately 21 per cent for Quercus species cited in Müller-Starck (1991) . Comparison with data from the literature for the same species is made difficult by differences in the number of loci used and in the geographical scale considered. Comps et al. (1990) report values between 25.7 per cent and 31.7 per cent (average 30.8 per cent) but on larger geographical subdivisions (whole countries) using only six loci.
Considering only loci in common between the two studies for Italy, we obtain much closer estimates (24.5 per cent for our study compared with 23.1 per cent).
This confirms the known dependence of heterozygosity upon the loci used for the estimate (Nei, 1987) . Found in almost all populations (Fig. 1) , the excess of homozygotes estimated (average F18 = 0.117 (Table  3) ) is similar to an equivalent estimate for Italian beech populations (average F18=0.125) by Comps et a!. (1990) . A lack of heterozygotes is often reported among embryos of the more intensely investigated coniferous species (Yazdani, 1985; Muona eta!., 1987) but not in later life stages. This difference is usually considered as an effect of selection against selfed individuals (Sorensen, 1969) . Cuguen et al. (1988) The Genetical Society of Great Britain, Heredity, 75, 35-44. investigated the lack of heterozygotes found in 250
European stands studied for three loci. Because selfing was low, they suggest as a complementary explanation the spatial structure of genetic variability, probably generated by reproduction occurring between neighbours. The matter deserves further investigation but cannot be settled with the information of the present study.
Genetic differentiation among Italian beech populations, in agreement with the literature on forest trees, is low with almost 95 per cent of the variability found within populations. Comps et al. (1990) found an FST value of 0.054 among European populations and a slightly higher one (0.058) for their Italian samples using a smaller number of loci. The high proportion of variability found in subdivisions below the population level, already reported in the literature (Knowles, 1984; Gregorius et al., 1986; Diebel & Feret, 1991) There was little evidence for selection, with no significant number of associations of allele frequencies with soil origin and altitude. The only locus associated with both altitude and latitude was peroxidase, reported as responding to environmental variables (Thiébaut et a!., 1982; Felber & Thiébaut, 1984; Comps et al., 1991) .
The most plausible explanation for such geographical differentiation is probably to be found in the natural history of these populations. The conceptual models that predict the genetic consequences of range expansion have been worked out (a review in Hewitt (1993) ). Climes in gene frequencies can be generated by colonization from two refugia that have developed differences through separation. They can also be (Huntley & Birks, 1983) and in the Monticchio Lake sediments(18 000 BP) (Watts, 1985) , close to the Vulture population (VUL) (Fig. 3) . Moving north the earliest postglacial presence of beech has been determined by '4C dating for more locations (Fig.  4) . A temporal trend seems quite clear up to locations in the southern part of western Italy, close to the border with France (3000 BP). From here a reverse time trend seems to exist for pollen cores from locations in the Southern Alps up to the high pollen values found in the area of the Dinaric Alps at much earlier dates (8500 BP) (Huntley & Birks, 1983) . Kral (1979) , using the evidence available at the time,
proposed a bidirectional postglacial recolonization route for northern Italy with an east-west direction for the Southern Alps and a north-west-bound front from the Northern Apennines. For the peninsular part of
Italy a northward recolonization is generally suggested (Ferrarini, 1962; Bertoldi, 1980; Huntley & Birks, 1983) . The relative importance of the two recolonization movements is not clearly established in the literature with some authors also suggesting a possible penetration from French southern refugia (Kral, 1979; Beaulieu eta!., 1984) . We can only underline the following observations from our genetic data. The higher level of genetic variability found in our data from the south of Italy (negative correlation of mean number of alleles per locus with latitude) is in agreement with the greater diversity expected in former centres of diffusion (Cwynar & MacDonald, 1987) . Being a former centre of diffusion seems to over-ride the fact that southern Italy is Longitude marginal in the biogeographical range of beech. The classical theory developed from observations in Drosophila, that predicts lower levels of genetic variability for marginal populations (Dobzhansky et al., 1963) , has been found to be true for other coniferous species (Tigerstedt, 1973; Farris & Schaal, 1983; Silander, 1984 Although the genetic data statistically support a north-south differentiation only, it is interesting to interpret the first principal component east-west trends in northern populations as a trace of the east-west postglacial migration suggested by palynological data.
